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EFFECT OF MODEL STRUCTURE ON THE UNCERTAINTY
OF RESULTS FROM WATERSHED SCALE WATER QUALITY MODELS

G.P. Fernandez, G.M. Chescheir, D.M. Amatya and R.W. Skaggs,®

Abstract

Two lumped parameter watershed scal e hydrol ogy and water. quality
models (WATG S and QUALG S) that describe the nitrogen |oadings at the
outlet of coastal plain watersheds were examned with respect to their
accuracy and uncertainty of nodel results. Latin Hypercube Sanpling
(LHS) was applied to determne the inpact of wuncertainty in estimting
field exports and decay coefficients on the uncertainty of the
sinmulated nitrogen |loads at the outlet of a 2950 ha coastal plain
watershed in eastern North Carolina. Analysis showed that QUALA S can
better predict the outflows and nitrogen loads at the outlet of the
watershed as compared to WATA S. For both nodels, the uncertainty in
quantifying the field exports has greater inpact on the uncertainty of
outlet loads than does the uncertainty associated with decay
coefficient. The wuncertainty of predicted outputs from both nodel are

simlar.
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I ntroducti on

Model s of varying conplexities have been developed at the North
Carolina State University for characterizing the effects of land and
water managenent practices on the hydrology and water quality of
wat ersheds with poorly drained soils. These nmpdels are based on a
mechani stic field hydrol ogy nodel, DRAINMOD ( Skaggs, 1978), coupl ed
with different approaches to route water and nitrogen loads from the.
field edge to the watershed outlet. The nodels range from the
simplified, lunped parameter approaches that wuse export coefficients
and delivery ratio concepts (Amatya et al., 2001, 2002; Fernandez et
al ., 1999, 2000, 2002) to the nore mechanistic and process-based
model s (Konyha and Skaggs, 1992; Amatya et al., 1998, 1999: Fernandez
et al., 1997, 2000, 2001). The sinplest nodel, WATGA@S, (Fernandez et.
al ., 1999, 2002) uses-export concentrations and delivery ratios to
calculate the loadings at the outlet of the watershed. Another nodel,
QUALG S, (Fernandez et. al., 2000) uses a sinplified transport nodel
based on approximate solution of the diffusion equation. This nodel
uses a spatially distributed response function to route water and
| oads from the field edge of contributing areas to the watershed
outlet. On the other end of the spectrum are the nore nechanistic
model s, DRAINMOD- DUFLOW (Fernandez et. al., 1997) and WATMOD
(Fernandez et. al., 2001). These nodels use nunerical solution to the
Saint Venant equation conmbined with an ADR equation for pollutant
transport and a flexible in-stream water quality nodel.

Wien coupled with uncertainty analysis conponent, these nodels
are potentially useful tools for planning and decision making.
Determnation of wuncertainties in nodel outputs is of great inportance
considering that there are inherent limtations of the nodels in
describing the physical processes and the underlying uncertainties in
model inputs and parameterization. The nodel paraneters, boundary
conditions, forcing functions, input variables, and other factors that
are used in rmodel sinulations are generally not known with certainty.,
(Melching et al., 2001). In general, the uncertainty in nodel
predictions is a function of wuncertainties in nodel paranmeters, input
data and nodel structure. It is often believed that a nore
conprehensive nmodel is better able to sinulate reality since the nore
conplex the nodel, the nore processes are described (Perk, 1997).
However, in nmore conprehensive nodels, there will be nore process
parameters that need to be identified and quantified wth certainty.

First Oder Analysis (FOA), Mnte Carlo Simulation (MS) and
Latin Hypercube Sanpling (LHS) are wuncertainty analysis nethods
devel oped and wdely used in water resources engineering. Uncertainty
met hods allow consideration of the conbined effects of parameter
sensitivity and uncertainty in nodel predictions. The FOA is based on
linearizing the functional relationship between a dependent random
variable and a set of-independent random variables by Taylor series
expansion (Tung and Yen, 1972; Dettinger and WIson 1981, Yen et al.,
1986; Chaubey et al., 1999). In MS, stochastic inputs are generated
from their probability density function and are then entered into



experimental or analytical nmodels of the wunderlying physical processes
i nvol ved in generating stochastic outputs (e.g. Salas, 1993; Melching
et al., 1996). Latin Hypercube Sanpling is an alternative method that
generates random sanples of the paraneter in a stratified manner
(McKay 1988, salas et al., 1999).

This paper describes a nethodology and application of uncertainty
anal ysis on two DRAINMOD based watershed scal e hydrol ogy and wat er
quality nodels. W extend the previous studies of Fernandez et al.,
(2000, 2002) to conpare the inpacts of nodel structure on the
uncertainty of outputs from two lunped paraneter water quality nodels,’
WATA'S and QUALAS. The paper addresses the two aspect of adequacy of
the nodels, namely accuracy and uncertainty in quantifying l|oads from
poorly drained coastal watersheds. Analyses were conducted for a 2950
ha managed forested watershed in the l|ower coastal plain of eastern
North Carolina.

Wat ershed Scale Models
WATG S

WATG@S is a GCeographic Information System (dS)-based, | unped
parameter water quality nodel that was developed to estimate the
spatial and tenporal nitrogen |oadi ng patterns for | ower coastal plain
watersheds in eastern North Carolina (Fernandez et al., 1999, 2002).
The nodel wuses a spatially distributed delivery ratio (DR) parameter
to account for nitrogen retention or loss along a drainage network.
Delivery ratios are calculated fromtinme of travel and an exponenti al
decay nodel for in-stream dynamics. Travel times from any point in the
drainage network to the watershed outlet are obtained from a
regression nmodel which expresses the travel times as a nonlinear
function of wupstream contributing area, length of flow path and mean
field drainage outflow. Ntrogen load from contributing areas in the
watershed delivered to the main watershed outlet is obtained as the
product of field export with the corresponding delivery ratio. The
total watershed load at the outlet is the conbined |oading of the
individual fields. Inputs to the model include exports from source
areas that are measured or nodeled, decay coefficient and the field
paraneters used in DRAI NMOD.

QUALGIS

QUALG'S (Fernandez et al., 2000)is a linkage of the field

hydrol ogy rmodel DRAINMOD and a generalized spatially distributed canal
routing nodel wusing a response function (Qivera, 1996; Olivera and
Mai dment,  1999). Field hydrology is sinulated with DRAINMOD and the
drainage network routing is done through an inpulse response function
using a first passage time distribution for the time of travel in the
flow path. This nodel uses a generalized approach to flow routing
which considers spatially distributed inputs and paraneters where
drainage from contributing areas (non-overlapping) are considered
separately instead of spatially averaged. A two paraneter routing



response function nodel (derived from first passage tine distribution)
was devel oped for each contributing area in which paraneters are
related to flow tinme (advective vel ocity) and shear effects
(dispersion) along the flow path.

In this nodel, DRAINMOD is used to sinulate the water |osses from
contributing areas (either wunder controlled or conventional drainage).
The water losses are then routed to the field outlets using an
instantaneous unit hydrograph and eventually routed to the watershed
outlet using the response function. The nodel requires stream
velocities along the flow path from contributing area to the watershed
outlet as inputs. These could be determned from sinulations using
mechani stic models (Fernandez. et al., 1997, 2001) or could be
determned from flow records. For water quality, an exponential decay
nmodel is used to characterize the attenuation of a water quality
parameter as it travels along the flow path. Simlar to WAT@S, field
exports used in the nodel may be either neasured or nodel ed.

Met hodol ogy

Site Description

The study watershed is a 2950 ha drained managed forest watershed
(4 in Fig. 1) located in Wyerhaeuser Conpany's Parker Tract in
Washington county in eastern North Carolina. The soils of the
wat ershed consist of both organic (primarily Belhaven and Ppungo
series) and mneral soils (poorly drained Portsmouth and Cape Fear
series). The drainage system consists of field ditches which are 100 m
apart leading to collector canals at about 800 m intervals which
outlet to main canals about 1600 m (one-mle) apart. Surface cover of
the watershed is characterized by second growth mxed hardwod and
pine forest and loblolly pine plantation of various ages and stages
(Weyer haeuser, 1997).

Flow and drainage water for water quality are sanpled from
several gauging and sanpling stations within the watershed (Fig. 1).
Gauging stations are located at four field drainage outlets (F3, F5,
F6 and F7), three on the main drainage canals (si, S2, and S3) and one
at the outlet of watershed (S4). Instrunentation at the automatic
stations includes sharp crested 120° V-notch weirs, water |evel
recorders, automatic sanplers and mcroprocessors to store data and
control the samplers. Chescheir et al., (1998) presented a detailed
description of the network of nonitoring stations for both flow and
water quality sanpling for this sub-watershed.

Si mul ati on

The watershed was divided into 27 fields with the drainage
network discretized into 46 canal segnents. The fields were assuned



homogenous with respect to soils, surface cover and water managenent
practices. Field areas and stream lengths were obtained from field
surveys. In the absence of neasured soil water characteristics for all
the fields, properties of the domnant soil series in each field were
obt ai ned from published val ues as reported in Skaggs and Nassadzadeh-
Tabrizi (1986) and Amatya et al., (1998).

Water quality data (nitrate-nitrogen) collected from 1996-1999
composite and grab samples from five experinmental fields in the $4
wat ershed were used to generate the concentrations and export
coefficients for the individual fields. Average monthly flow weighted
concentrations were obtained and distributed to the individual fields
based on similarities.in soil type, water nmnagement practice, stand
age and type of surface cover. The flow weighted concentrations from
the experimental fields range fromO0.2 to 7.6 mg/1. These val ues are
unusual ly high for forested lands in eastern North Carolina. For
natural and forested lands in eastern North Carolina, Chescheir et al.
(2002) reported mean nitrate concentrations in drainage waters of |ess
than 0.6 mg/1l.

Uncertainty Anal ysi s

Latin Hypercube Sanpling (LHS) (MKay 1988) is a stratified
sampling approach that allows efficient estimation of the statistics
of output. In LHS, the probability distribution of each basic variable
is subdivided into N ranges each with a probability of occurrence
equal to I/N. Random values of the basic variables are generated such
that each range is sanpled only once. Qutput statistics and
distributions of the output variables are approximated from the sanple
of N output values. Using this approach in previous studies, Fernandez
et al., (2000, 2001) showed that for drainage routing and water
quality nodeling using QUALAS and WATG@S, uncertainties in the decay
coefficient and field export concentrations have greater inpact on the
the uncertainty in simulated outlet loads. In this paper, we follow °
the procedure of performng uncertainty analysis using LHS as
descri bed by salas et al., (1999):

1. For an input x, obtain n uniformrandom nunbers, u;,, U, ,.., U,
in the range of OI.

2. Define Py = (l/n) [U;+ (i-1)] (i=1..n). Then the p;falls
exactly within each of the n intervals, (0,1/n), (1n,2n)...
((n-1)/n,1) .

3. Fromthe cumulative distribution function F(x)of the input X,
determine the values x;= F!(p;) (i=1,..,n). Then x =
[%1,%2,..,%,] 1S the sanpl e vector of the stochastic input x.

4. Performrandom pernutati on of the set (x:, x5, .. ,x,) obtained

instep3.

Repeat steps 1-4 for all inputs.

o



This procedure assunes that all inputs are independent. However,
in the case of correlated inputs, the joint distributions of the
inputs have to be considered.

LHS was used to generate 300 random samples of the field exports
and decay coefficients used in both nodels. The objective function is
the cumulative nitrate load at the watershed outlet. Mean, variances,
coefficient of variations and the probability density functions for
the model parameters were obtained from neasured values at the
wat ershed (export coefficients) or estimated from literature (decay
coefficient). Having no evidence to the contrary, it was assuned that
the parameters have negligible correlation. Results of the uncertainty
analysis were sunmarized in the form of cunulative distributions of
the objective function wth corresponding confidence limts.
Uncertainties in predicted outlet loads from both nodels were
conpar ed.

Results and D scussion

The main objective of the study was to determne capability of
the nodels to accurately sinulate the nitrate-nitrogen |oads from
coastal plain watersheds. In addition to this, we conpare the
uncertainty of the predictions of the tw nmodels. Flow and nitrate-
nitrogen concentration data from 1996 were used for calibration and
data from 1997-1999 were used for the evaluation of the nodels.

Si mul ati ons

DRAINMOD predictions of the tenporal trend and magnitude of
mnthly flows at S4 agrees closely with the observed flows (Figure 2 &
3). Over the lo-nmonth calibration period, the predicted nmonthly flows
from both nodels were highly correlated with the neasured flows (p =
0.90 for both nodels). The Nash-Sutcliffe R®values are 0.66 and 0.71
for WATA@S and QUALG S, respectiveldy. Measured and predicted nonthly
flow data for the evaluation period yielded Nash-Sutcliffe
coefficients of 0.94 (WATA@S) and 0.92 (QUALAS) and correlation
coefficient of 0.97 for both models. WATG@ S wunder-predicted the
outflow by 2% while QUALAS by 1% Differences between observed and
predicted values for both models were not statistically significant at
5% level. Overall, for the 46 nmonths of data, the percentage error of
prediction of QUALGS is lower than that of WATGS (0.7% conpared to
1.4%).

To a large extent, the over-prediction of the nodels in 1996 was due
to the over-prediction of peak flows during the occurrence of tropical
storms (late summer to fall). However, the observed flows were
probably underestimted because the weir at the outlet was submerged.
In WATG@S, the field outflows were not routed to the outlet (sum of
outflows for all fields is the total outlet flow), hence, errors in
flow prediction can be also attributed to neglecting the effects of
routing the flow from the source areas to the outlet. Dpaly peak flows



predicted by QUALAS are lower than that of WATGS. QUALGS uses a
sinplified routing method, although effects of in-stream structures
are not considered. This under-prediction during the evaluation
period can be attributed to errors in estimting watershed rainfall
and/or PET during the late winter and spring.

The trend in the prediction of nitrate-nitrogen loads at the
watershed outlet was simlar to the results for outflows (Figures 4 &«
5) . Over-prediction of outflows in 1996 resulted in 1% over,-prediction
of nitrate load by WATGS and 1% under-prediction by QUALG S.
Comparison of the monthly measured and predicted |oads yielded Nash-
Sutcliffe coefficients of 0.6 (WATAS) and 0.65 (QUALES). The
correlation coefficient is 0.80 for both nodels. In contrast to the
flow predictions, nitrate-nitrogen was over-predicted during the
evaluation period. WATGS over-predicted the outlet load by as nuch as
6% while over-prediction of QUALAS was only 2% The Nash-Sutcliffe
and correlation coefficients were 0.84 and 0.92 for both nodels,
respectively. Overall, for the 46 nonths data, the percentage
prediction error for the watershed load is 4% for WAT@ S and 1% f or
QUALAS. The results show that the QUALAS nmodel is slightly better in
predicting the flow and nitrate-nitrogen | oads at the watershed
outlet. The errors in prediction of the loads cannot be attributed
solely to the errors in flow predictions. Errors in estimting export
concentrations at the field edge would have contributed to the errors
in the load predictions. Measured concentrations from five fields were
extrapolated to the remaining twenty-two fields based on soils and
surface cover.

Uncertainty Analysis

Results of the wuncertainty analysis indicated that the variance
of the outlet load due to the uncertainties in export concentrations
were slightly higher for the WATAS nodel as conpared to the QUALAS
nodel (Table 1). The confidence limts (at 90% of the mean annual
outlet load due to the variability in field exports are alnost the
same for Dboth models (0.25 for WATGS and 0.23 for QUALGS). The
corresponding intervals are also simlar. The uncertainty in
predicting the watershed load using WATGS produces a slightly wder
confidence interval than that of QUALAS. A different result was
obtained with the wuncertainty due to the decay coefficient. The
variance of the outlet load due to the uncertainty in the decay
coefficient was higher for the QUALAS nodel (0.27) as conpared to the
QUALGE S nodel -(0.13). This translates to a confidence limt that is
larger for the QUALAS nodel than that of the WATGS nodel (Table 1).
The results show that the uncertainty of the outputs of the two nodels
is nore dependent on the uncertainty of the field exports.

Al'though the wuncertainty analyses indicated that the nodels are
less sensitive to the choice of the decay coefficient, this parameter
is probably the mpst uncertain and can be hard to estimate. As used in
the nodel, this paraneter integrates the rates of the processes that
describe the cycling of the nutrient within the stream network.



Table 1. Statistics of sinulated nitrate-nitrogen load at S4 for 1996 as
function of uncertainty in export concentrations (EXPC) and
decay coefficient (KC (n=300)

Vean Vari ance CV (%) 90% CL Std. Error
(kg/ha)
VWATAE S EXPC ") 6 6.8 21 0.25 0.15
QUALGI S | ExpC 12.1 5.7 20 0.23 0.14
WATGE S KC 12.6 0.1 3 0.03 0.02
QUALGIS [KC 12.2 0.3 4 0.05 0.03

The cunulative distribution of outlet loads is shown in Figures
6-7. The curves show the expected magnitude of the outlet load at a
given probability level. For exanple, the probability that annual
nitrate-nitrogen load at the outlet is greater than 9.4 kg/ha is 90%
(Figure 6) considering the uncertainty in the field exports (WATGS
nodel ). The curves also show the confidence limts on the nean
response. The 90% confidence limts on the predicted nean outlet |oads
are relatively narrow indicating small standard errors in the
predictions (< 0.3 kg/ha). Uncertainty in the export concentrations
has significant inpact on the uncertainty in the cunulative outlet
load (Table 1). For WATGS, the variability in outlet load is 21% and
%, for the export concentration and decay coefficient, respectively.
On the other hand, for QUALAS, the variability in outlet load is 20%
and 4%, for the export concentration and decay coefficient,
respectively.

Summary and Concl usi on

Two watershed scale |unped parameter hydrology and water quality
models were evaluated to determne their accuracy in estimating
watershed nitrate loads. In addition, the inpacts of uncertainty in
field exports and decay coefficient on the predicted watershed | oad
were investigated. The nodel which links DRAINMOD field hydrology and
a spatially distributed routing nodel wusing a response function
(QuaLgs) was shown to reasonably predict the outflows and outlet
loads from a |ower coastal plain watershed. Predictions of QUALG S
model for both flow and nitrate load are nore accurate as conpared to
the predictions using the WATG S nodel.

The analysis showed that wuncertainty in determning field exports
have greater inpact on the uncertainty in the prediction of nitrate
| oads at the outlet conpared to the decay coefficient. Variability in
predicted cunulative outlet loads as a result of wuncertainty in this
paraneter was 21% and 20% for WATGAS and QUALG S, respectively. These
values are much greater than the variability in outlet loads due to



the uncertainty in the decay coefficients (3% and 4%. Accurate
estimation of the field exports could greatly reduce the uncertainty
in nutrient load predictions at the watershed outlet.

Wth regards to the nodels, QUALGAS appears to be a better nodel
than WATG@S. QUALAS is nore accurate than WATAS in predicting
outflows and nitrate |oads, although the uncertainty of the
predictions are simlar to WATAS. QUALGS uses a sinplified routing
model , hence, travel tines along the drainage network are better
estimated than the sinple regression use in WATG S

Acknow edgerent

This work was nmade possible by the support of USDA-CSRS Project
No 98-35102-6493, EPA 319 Project and Wyerhaeuser Conpany. The
authors would like to acknow edge the contributions of Wyerhaeuser
Conpany personnel Joe Hughes, Martin Lebo, Sandra McCandless, Joe
Bergman, and Qdiff Tyson for their cooperation in this study, and
Wlson Huntley and Jay Frick of North Carolina State University for
their assistance in obtaining field data.

Ref er ences

Amatya, DM, Glliam J.W, Skaggs, R W, Lebo, ME, and RG
Canpbel I . 1998. Effects of Controlled Drainage on Water Quality,
Journal of Environ Qual. 27:923-935.

Amatya, D.M, GM Chescheir, RW Skaggs, GP. Fernandez, and F.
Birgand. 1998. Evaluation of DRAINMOD based watershed scale
model . I n Proc of the ASAE 7" Annual Drainage Synposium (pp 211-
219), March 8-10, 1998, Olando, F1.

Amatya, D.M, G M Chescheir, GP. Fernandez, and R W Skaggs. 1999:
Testing of a watershed scale hydrologic/water quality nodel for
poorly drained soils, ASAE paper No 992070, ASAE. St. Joseph. M.

Amatya, D.M, GM Chescheir, GP. Fernandez, RW Skaggs and J. W
Glliam 2001. An export coefficient based water quality nodel
linked with @ISK tool. In Special Proc of the ASAE 2001 Meeting
Mni-Synp. “On Statistical Methods in Hydrol ogy", (ed) Haan and
Harmel, pp 39-44, Sacranento, CA

Amatya, D.M, .M. Chescheir, R W Skaggs, GP. Fernandez, and J.W
Glliam 2002. A watershed analysis and treatnent evaluation
routine spreadsheet (WATERS). In Proc of the ASAE Conference on
"Total Maxinum Daily Load (TMDL) Environmental Regulations”,
March 11-13, 2002, TX

Chaubey, 1., Haan, C.T., Gunwald, S., and J.M Salisbury. 1999.
Uncertainty in nodel paranmeters due to spatial variation of
rainfall. Journal of Hydrol ogy. 220:48-61.

Chescheir, GM, DM Amtya, G P. Fernandez, R W Skaggs and J. W
Glliam 1998. Mnitoring and Mdeling the Hydrology and Water
Quality of a Lower Coastal Plain Watershed, In Proceedings of the
1998 Water Managenent Specialty Conference, My 3-6, 1998,
Denver, CO

Chescheir, .M., ME Lebo, DM Amtya, J. Hughes, J.W GIlliam and



R W Skaggs. 2002. Hydrology and Water Quality of Forested Lands
in Eastern North Carolina. Research Bulletin, North Carolina
State University, Raleigh, NC (in press)

Dettinger, MD. and J.L. WIson. 1981. First order analysis of
uncertainty in nunerical nodels of groundwater flow. Part 1.
Mat henat i cal Devel opnent. WAt er Resources Research.,17(1):149-
161.

Fernandez, GP., GM Chescheir, RW Skaggs, D.M Amatya, F. Birgand,
and J.W Glliam 1997. Developnent and field testing of a
DRAINMOD based watershed scale nodel. ASAE Paper No 972194, Asae.

St. Joseph. M.
Fernandez, GP., GM Chescheir, DM Amtya, and R W Skaggs. 1999.
G S Based |unped parameter water quality model. In Proc of the

M ni-Conference on Advances in Water Quality Mddeling, ASAE Paper
No 992136, ASAE. St. Joseph. M.

Fernandez, GP., GM Chescheir, DM Amtya, and R W Skaggs. 2000.
Uncertainty in watershed scale drainage nodeling: |Inplications
for water quality nodeling. ASAE Paper No 002095, ASAE. St.
Joseph. M.

Fernandez, GP., GM Chescheir, DM Amtya, RW Skaggs and F.
Birgand. 2001. Mdeling Poorly Drained Watersheds wth an
Integrated Watershed Scale Hydrology/\Water Quality Mdel. ASAE
Paper No 012082, ASAE. St. Joseph. M.

Fernandez, GP., GM Chescheir, RW Skaggs, and D.M Amtya. 2002.
WAT@'S: A O S-based lunped parameter water quality nmodel. Trans
of ASAE (in press).

Konyha, K D. and rR.w. Skaggs. 1992. A coupled field hydrol ogy-open
channel flow nodel: Theory. Trans of ASAE, 35(5):1431-1440.

MKay, MD. 1988. Sensitivity and uncertainty analysis using a
statistical sanmple of input values. Uncertainty Analysis, Y.
Ronen (ed). CRC, Boca Raton, FL., 145-186.

Melching, C.S., and c.G. Yoon. 1996. Key sources of wuncertainty in
QUAL2E Model of the Passaic R ver. Journal of Wter Resources
Planning and Managenent, vol. 122(2).

Olivera, F. 1996. Spatially distributed nodeling of storm runoff and
non-point source pollution using geographic information systens,
php. Dissertation, Dep of Cv. Eng., Univ of Texas at Austin.

Olivera, F. and D. Maidment. 1999. GS based spatially distributed
model for runoff routing. Water Resources Research, 35(4): 1155-
1164,

salas, J.D. and H Shin. 1999. Uncertainty Analysis of Reservoir
Sedinentation. Journal of Hydraulic Engineering. wv125(4).

Skaggs, RW 1978. A water management nodel for shallow water table
soils. Report No. 134, Water Res. Res. Inst. of the Vniv of North
Carolina. NC State Univ, Raleigh, NC

Skaggs, R.W. and A.Nassehzadeh-Tabrizi. 1986. Design drainage rates
for estimating drain spacings in North Carolina. Trans of the
ASAE. 29(6):1631-1640.

Tung, WH. and B.C. Yen. 1972. Hydrology and Hydraulic design under
uncertainty. In proc. of International synposium on uncertainties
in Hydrologic and Water Resources Systems, Vol 2. Univ of
Arizona, Tuczon, 868-882.

10



Yen, B.C., Cheng,
reliability
engi neering,

North Caroli

Upper Coastal Plain

[ Agriculture
Managed Forest
Natural Forest
S4 Watershed

@ Automatic Stations
@ Manua sations
D Rainfall Stations
Stream Sections

Figure 1.  Diagram of

anal ysi s.
B.C. Yen

S.T. and, C S. Melching. 1986. First order

Stochastic and risk analysis in hydraulic
(ed). Water Res Pub, Littleton, Colorado, I-36.

Lower Coastal Plain

To Albemarle Sound

the study area near

Pl ymout h, NC.

1



180

160 <
140 hL
120

100

80

OutFlow, mm

60

40 4

‘ \-

\
N A VYA

1996.0 1996.5 1997.0 1997.5 1998.0 1998.5 1999.0 1999.5 2000.0 2000.5 2001.0

20

0 ¢ v ey

Figure 2. Predicted and observed outflows at s4 (1996-2000).
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